High-density, single-crystal, vertically aligned, Al-doped ZnO nanowires with an Al content of 1.05 atom % were synthesized on ZnO:Ga/glass templates at 550°C. Although introducing Al did not change the physical dimensions of the ZnO nanowires, the lattice constant increased by 0.25% and the optical properties of the ZnO nanowires were degraded. However, the experimental results also showed that the threshold emission field can be significantly decreased from 16 to 10 V/m, and the work function, , can also be reduced from 5.3 to 3.39 eV by introducing Al atoms into the ZnO nanowires. Since carbon nanotubes were initially discovered, 1 onedimensional ͑1D͒ nanomaterials have attracted considerable attention due to their potential application in nanoelectronics and optoelectronics. Although many studies on Si and III-V nanowire systems have been reported, 2,3 only a few refer to 1D oxide systems. Among 1D oxide systems, zinc oxide ͑ZnO͒ is one of the most promising materials for fabricating optoelectronic devices operating in the blue and UV areas and for gas-sensing applications 4-6 because of its large exciton binding energy ͑i.e., 60 meV͒ and bandgap energy ͑i.e., 3.37 eV at room temperature͒. ZnO 
Since carbon nanotubes were initially discovered, 1 onedimensional ͑1D͒ nanomaterials have attracted considerable attention due to their potential application in nanoelectronics and optoelectronics. Although many studies on Si and III-V nanowire systems have been reported, 2, 3 only a few refer to 1D oxide systems. Among 1D oxide systems, zinc oxide ͑ZnO͒ is one of the most promising materials for fabricating optoelectronic devices operating in the blue and UV areas and for gas-sensing applications [4] [5] [6] because of its large exciton binding energy ͑i.e., 60 meV͒ and bandgap energy ͑i.e., 3.37 eV at room temperature͒. ZnO nanowires can be synthesized by various methods, such as chemical vapor deposition ͑CVD͒, 7 template-assisted growth, 8 solution-base synthesis, 9 catalyst-driven molecular-beam-epitaxy, 10 metallorganic vapor phase epitaxy ͑MOVPE͒, 11 metallorganic chemical vapor deposition ͑MOCVD͒, 12 and vapor-liquid-solid ͑VLS͒ methods. [13] [14] [15] For practical device applications, proper dopants could be introduced into the 1D nanowires. 16, 17 Previously, nanoscale p-n junctions have been demonstrated to be achievable by selectively doping impurities into InP nanowires. 18 Boron doping has also been demonstrated to be feasible to improve carbon nanotube field emission by reducing the work function. 19 Doping can also enhance the conductivity of 1D nanowires, [20] [21] [22] [23] which is also critical for practical device applications. The other important issue is the choice of substrate materials. Glass substrates are transparent and inexpensive, and are also commercially available in large sizes. Thus, glass is an ideal substrate material for large optoelectronic devices, such as 1D-based light emitters, photodetectors, and field emission displays ͑FEDs͒. However, glass substrates are amorphous and weak at high temperatures. Recently, the authors reported the fabrication of pure ZnO nanowires grown on ZnO:Ga/glass templates at 600°C by a self-catalyzed VLS process. 15 This investigation reports on the selfcatalyzed VLS growth of Al-doped ZnO single-crystal nanowires on ZnO:Ga/glass templates. The physical, optical, and field emission properties of the Al-doped ZnO nanowires are also discussed herein.
Experimental
Before depositing the ZnO nanowires, a 50 nm thick Ga-doped ZnO film was deposited directly on glass substrates using radio frequency ͑rf͒ sputtering. X-ray diffraction ͑XRD͒ measurements demonstrated that the sputtered ZnO:Ga film preferred to be oriented toward the ͑002͒ direction. Al-doped ZnO nanowires were then synthesized using the modified self-catalyzed VLS method by evaporating a Zn metallic source with a 2-step gas flow control. 24, 25 Figure 1 schematically illustrates the system used in this investigation. The evaporation was performed in a quartz tube located in a horizontal tube furnace. The diameter and length of the quartz tube were 5 and 70 cm, respectively. The zinc vapor source was 99.9% pure zinc metal powder from Strem Chemicals. The Al doping source was 99.9% pure Al powder. During the ZnO nanowire growth, the ZnO:Ga/glass templates were positioned together with a zinc vapor source on an alumina boat and inserted into the quartz furnace tube. Constant streams of argon ͑54.4 sccm͒ and oxygen ͑0.8 sccm͒ gases were then introduced into the furnace. Significantly, the ZnO:Ga/glass template, zinc vapor source, and alumina boat were carefully positioned to be at the same horizontal level and were all heated at the same temperature, 550°C. The distance between the zinc vapor source and ZnO:Ga/glass template was also maintained at 20 mm with the zinc vapor source placed at the upstream side. The system was then evacuated with a mechanical pump and the furnace temperature kept within ±1°C accuracy using a programmable temperature controller. When growing the ZnO nanowires, the pressure inside the quartz tube, growth temperature, and growth time were maintained at 10 Torr, 550°C, and 30 min, respectively. To introduce Al into the ZnO nanowires, high-voltage ͑i.e., 200 kV͒ pulse signals ͑i.e., 2 Hz͒ were applied into the growth chamber, as illustrated in Fig. 1 . Such signals could trigger Ar plasma to bombard the Al powder source. Consequently, Al doping during ZnO nanowire growth is achievable. For comparison, pure ZnO nanowires were also prepared with exactly the same growth conditions.
A Philips PW3710 X-ray diffractometer and a JEOL JEM-2100F high-resolution transmission electron microscope ͑HRTEM͒, operated at 200 kV, were then applied to determine the crystallography and structure of the grown ZnO nanowires. For the observation of HRTEM, the samples were prepared by a focused ion beam ͑FIB͒ dual-beam FEI-235 system to thin the samples to 2-3 nm thick. Surface morphologies of the samples and size distribution of the nanowires were identified by a JEOL JSM-6500F field emission scanning electron microscope ͑FESEM͒, operated at 5 keV. The photoluminescence ͑PL͒ of the grown ZnO nanowires was characterized by a Jobin Yvon-Spex fluorolog-3 spectrophotometer. A Xe lamp emitting at 254 nm was employed as the excitation source during PL measurements.
z E-mail: EugeneChen@itri.org.tw Figure 1 . Schematic illustration of a synthesis system.
Results and Discussion
Figures 2 and 3 display cross-sectional FESEM images with a 15°title angle of the ZnO nanowires and Al-doped ZnO nanowires grown on ZnO:Ga/glass templates, respectively. The images reveal that high-density nanowires grew uniformly in both samples. As shown in Fig. 2 , the average length and diameter of the pure ZnO nanowires were around 2.6 µm and 100 nm, respectively. The average length of the Al-doped ZnO nanowires was around 2.4 µm with a diameter of 80-160 nm, as revealed in Fig. 3 . These experimental results indicate that the introduction of Al does not seem to change the physical dimensions of the ZnO nanowires. Top-view FESEM images of the two samples are shown as insets in the two figures, respectively. The tops of the pure ZnO nanowires were well-defined hexagons, probably due to the würtzite structure of ZnO single crystal. In contrast, although the tops of Al-doped ZnO nanowires also look like hexagons, the edge profiles were irregular, probably due to the Al doping effect. Figure 4 depicts the XRD 2-scan spectra of the two samples. Only ZnO ͑002͒ diffraction peak appears in both spectra, demonstrating that the preferred orientation of both pure ZnO nanowires and Al-doped ZnO nanowires was in the ͑002͒ direction. The inset of Fig. 4 presents high-resolution XRD spectra of the two samples, showing the XRD peaks located at 34.5 and 34.4°for the pure and Al-doped ZnO nanowires grown on ZnO:Ga/glass templates, respectively. In other words, Al doping shifted the XRD peak by −0.1°, indicating that the lattice constant c of the ZnO crystal increased by 0.25%. The line width observed from Al-doped ZnO nanowires was also slightly larger than those of the pure ZnO nanowires. Similar phenomena were also found in Al-doped ZnO film prepared by rf magnetron sputtering 26 and S-doped ZnO nanowires prepared by CVD. 21 The increased lattice constant and cell volume of the Al-doped ZnO nanowires indicates that Al atoms substitutionally occupied the O sites. The slightly broader linewidth of Al-doped ZnO nanowires could also be attributed to the lattice distortion induced by Al substitution. Figure 5a displays cross-sectional TEM images of the Al-doped ZnO nanowires grown on ZnO:Ga/glass template taken from the interface between Al-doped ZnO nanowires and sputtered ZnO:Ga film. The images reveal that the sputtered ZnO:Ga film has a columned structure, with the Al-doped ZnO nanowires grown along its columned grains. Figure 5b and c shows HRTEM images of the sample taken from the interface between Al-doped ZnO nanowires and sputtered ZnO:Ga film with the a axis and b axis along two different directions. These two figures clearly reveal that the lattice constants in the sputtered ZnO:Ga film and the Al-doped ZnO nanowires along the c axis were both 0.52 nm, which is exactly the same as that of bulk würtzite ZnO crystal. Figure 5d presents a selected area electron diffraction ͑SAED͒ image taken from the interface between Al-doped ZnO nanowires and sputtered ZnO:Ga film. The observed diffraction pattern also indicates that our Al-doped ZnO nanowires were single crystal with a würtzite structure.
Figure 6a-c shows HRTEM images taken from three different sidewall portions of one Al-doped ZnO nanowire grown on a ZnO:Ga/glass template, respectively. The images again indicate that the ZnO crystal lattices are well oriented with no observable defects in any of the three regions. Such a result suggests that the Al-doped ZnO nanowires are structurally uniform and defect-free. Figure 6d displays a SAED pattern observed from the sidewall portion of the Al-doped ZnO nanowires grown on a ZnO:Ga/glass template, which again demonstrates the single-crystal würtzite structure of the Aldoped ZnO nanowires. Figure 7 shows an energy-dispersive X-ray ͑EDX͒ spectrum of the Al-doped ZnO nanowires grown on ZnO:Ga/glass templates. The spectrum reveals that the nanowires were certainly composed of Zn, O, and Al. The small amount of Cu and C signals should originate from the TEM copper grid and the carbon adhesion film. However, the Ga signal should relate to the FIB sample preparation process. The intensities of the Zn, O, and Al peaks indicated that the Al content was around 1.05 atom %. The energy-dispersive spectroscopy ͑EDS͒ mapping images of the Zn and Al atoms are shown in the insets of Fig. 7 . The EDS mapping image of the Zn atoms revealed again that the ZnO nanowires had good uniformity. Conversely, the EDS mapping image of the Al atoms only shows a few spots because the Al content is close to the proposed system's detection limit. However, the image demonstrates that most Al atoms are located in the central portion while only few Al atoms are found in the edges of the nanowires. Figure 8 depicts the room-temperature PL spectra of the pure and Al-doped ZnO nanowires grown on ZnO:Ga/glass templates. The strong PL peak observed at 376 nm from pure ZnO nanowires, and the PL peak observed at 379 nm from Al-doped ZnO nanowires, are both close to the 3.27 eV ZnO band-edge transition. Thus, these two PL peaks can be attributed to the recombination of free excitons through exciton-exciton collision. 27 The green emission band at around 2.5 eV ͑496 nm͒ originates from the recombination of the holes, while electrons were also observed to occupy the singly ionized O vacancy 28 in both spectra. Notably, the green emission observed from Al-doped ZnO nanowires was much stronger and broader than that observed from pure ZnO nanowires. Temperaturedependent PL spectra were also taken for Al-doped ZnO nanowires. The inset of Fig. 8 clearly shows four excitonic emission-related peaks at 380, 392, 406, and 417 nm, respectively.
11 Conversely, only one PL peak was observed from the pure ZnO nanowires. 15 These observations indicate that Al doping degrades the optical properties of the ZnO nanowires. 21 Figure 9 reveals the field emission characteristics of the pure and Al-doped ZnO nanowires grown on ZnO:Ga/glass templates. The threshold electric fields of the pure and Al-doped ZnO nanowires were found to be 16 and 10 V/m, respectively. In other words, no field emission arose when the applied electric field was under the threshold. Above the threshold, the emission current was found to increase exponentially as the applied electric field was further increased. However, when the emission current reached 0.1 mA/cm 2 , it began to saturate in both samples. Significantly, the threshold electric field of Al-doped ZnO nanowires ͑i.e., 10 V/m͒ was much lower than that observed from pure ZnO nanowires ͑i.e., 16 V/m͒. Consequently, the saturation electric field of Al-doped ZnO nanowires ͑i.e., 15 V/m͒ was also much lower than that observed from pure ZnO nanowires ͑i.e., 25 V/m͒. These values suggest that the field emission properties of the ZnO nanowires can be markedly enhanced by Al doping. Furthermore, the two field emission curves of Zn and Al can both be described by the Fowler-Nordheim ͑FN͒ equation
where J denotes the current density ͑A/m 2 ͒; V denotes the applied voltage ͑V͒; ␤ denotes the field enhancement factor; a = 1.56 ϫ 10 −10 ͑A eV/V 2 ͒; b = 6.83 ϫ 10 9 ͑V/m eV 3/2 ͒; and denotes the work function of ZnO nanowires ͑eV͒. To further investigate the field emission behavior of these two different ZnO nanowires, the graph of ln͑J/E 2 ͒ was replotted as a function of 1/E. This graph is shown in the FN plot in the inset of Fig. 9 and exhibits two different negative linear regions within the measured range. The change in the slope of FN plot indicates that the local electric field at the top of these nanowires might not increase linearly with the applied voltage. Knowing that the work function, , of the pure ZnO nanowires was 5.3 eV, 29 the field enhancement factor, ␤, of the pure ZnO nanowires should be around 340. Because the surface morphologies of pure and Al-doped ZnO nanowires are similar, the field enhancement factor, ␤, of Al-doped ZnO nanowires was also assumed to equal 340. Based on this assumption, the work function, , of Al-doped ZnO nanowires should be 3.39 eV, suggesting that the Al-doped ZnO nanowires grown on ZnO:Ga/glass templates are potentially useful as FEDs.
Conclusions
This investigation reports the synthesis of high-density arrays of vertically aligned pure and Al-doped ZnO nanowires on ZnO:Ga/glass templates at 550°C by self-catalyzed VLS without metal catalysts. The experimental results revealed that although introducing Al does not change the physical dimensions of the ZnO nanowires, it increases the lattice constant by 0.25% and degrades the optical properties of the ZnO nanowires. However, Al doping was also found to significantly enhance the field emission characteristics of the ZnO nanowires.
Based on the epitaxial 1D structure, we believe that nanoelectronics, nanophotonics, and nanosensors have many constructive applications.
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